Carbon fiber laminate composites, consisting of layers of polymer matrix reinforced with high strength carbon fibers, are increasingly employed for aerospace structures. They offer advantages for aerospace applications, e.g., good strength to weight ratio. However, impact during the operation and servicing of the aircraft can lead to barely visible and difficult to detect damage. Depending on the severity of the impact, fiber and matrix breakage or delaminations can occur, reducing the load carrying capacity of the structure. Efficient structural health monitoring of composite panels can be achieved using guided ultrasonic waves propagating along the structure. Impact damage was induced in the composite panels using standard drop weight procedures. The guided wave scattering at the impact damage was measured using a noncontact laser interferometer, quantified, and compared to baseline measurements on undamaged composite panels. Significant scattering of the first anti-symmetrical (A 0 ) guided wave mode was observed, allowing for the detection of barely visible impact damage. The guided wave scattering was modeled using full three-dimensional Finite Element (FE) simulations, and the influence of the different damage mechanisms investigated. Good agreement between experiments and predictions was found. The sensitivity of guided waves for the detection of barely visible impact damage in composite panels has been verified.
INTRODUCTION
The usage of composite materials in aerospace structures has increased significantly as they offer significant advantages such as an improved strength to weight capacity. However, the combination of carbon fibers and epoxy matrix in typical carbon-fiber reinforced polymer (CFRP) prepreg composites is susceptible to impact loading. Low-velocity impact loading can induce barely visible damage [1] , including matrix cracking, delaminations, and fiber breakage, that can reduce the integrity and load bearing capacity of the structure. Defects in the structure can potentially result in a catastrophic failure if exposed to repetitive loading [2] . Therefore, it is important to efficiently monitor the composite structure during its service life to detect such damage and to ensure the safe operation of the structure [3, 4] .
Guided ultrasonic waves have the potential for the efficient monitoring of large structures, as they can propagate over considerable distances at low excitation frequencies. This could significantly reduce the inspection time for large structures and be employed as part of a structural health monitoring system (SHM) [5, 6] . Guided waves have been studied and applied for the non-destructive evaluation (NDE) of composite structures using contact or air coupled transducers for the generation and sensing of the guided waves. The capacity for the detection of delaminations [7, 8] , cracks [6, 9] , and for material characterization [10] has been shown. Guo and Cawley [7] demonstrated the detection of delaminations in CFRP laminates from reflected waves. Toyama et al. [11] investigated the interaction of the first symmetric Lamb wave mode (S 0 ) with cracks and delaminations on cross-ply CFRP plates. Ramadas et al. [12] studied the first antisymmetric wave mode (A 0 ) mode propagation and the mode conversion at delaminations. However, due to the complexity of the guided wave propagation in composites, the practical testing needs to be optimized for the specific application. Many factors can affect the propagation and scattering of the guided waves [13] , i.e., transducer effects [14] , the properties of the composite structure [15] , as well as parameters of the impact damage [9, 16] . Finite element analysis (FEA) can be used to investigate the complex scattering behavior of guided ultrasonic waves at impact damage and improve the understanding of the interaction and potential for damage characterization [17] . Previous studies have shown that it can be challenging to accurately model impact damage in a laminated composite plate [18, 19] . 
FINITE ELEMENT MODELING
In order to investigate the guided wave propagation and scattering in a composite structure with impact damage a full three-dimensional (3D) FE model of a large composite plate of similar properties to the specimen described above was developed, as shown in Fig 3. A plate with dimensions of 1 m x 1 m x 2 mm was modeled using MATLAB input codes. The composite plate consists of 4 layers through the thickness; the plate was treated as an orthotropic, homogenous structure. The material properties of the plate were set as a bi-directional composite obtained from a reference [22] , with Rayleigh damping (damping ratio ß = 60ns) to obtain the material damping presented as the imaginary part of stiffness values. Element size of 1 mm in both the x-and y-direction and 0.5 mm in the z-direction (thickness) were employed. This mesh size resulted in the generation of 4 million elements throughout the plate. The element type was chosen as an 8-node linear brick with reduced integration (C3D8R). Numerical convergence of the simulations was investigated and the element size as 1/14 th of the wavelength (λ = 14mm) was found to be sufficiently small to accurately model the guided wave propagation.
Uniform out-of plane excitation in the middle of the thickness of the model was introduced to generate an A 0 Lamb wave propagating in the plate. The excitation consisted of a 5 cycle sinusoidal tone burst modulated by a Hanning window with 100 kHz center frequency. This achieves a reasonable compromise between time duration of the pulse to separate different pulses and frequency bandwidth, which in turn influences the necessary element size to fulfill the stability criteria relative to the wavelength. The out-of-plane displacement was monitored at different locations in the plate to match the experimental measurements. The time trace at each monitoring node was time gated to remove edge reflections from the plate boundaries and the maximum amplitude extracted similar to the experiments. Initial simulations were preformed for an undamaged composite plate. A line scan along the composite fiber direction was carried out to study the amplitude decay of the signal as it propagates in the plate. A circular scan around the excitation point at 30mm radius was obtained to investigate the amplitude variation in different propagation directions.
The impact damage was model as a rectangular shape with zero-volume to create a symmetric delamination with a size of 20 mm × 20 mm. A layer of elements attached to the delaminated surface was assigned reduced stiffness values. The real parts of the material stiffness values were reduced by 75% as a simple model of the multi-mode impact damage (e.g., fiber breakage and matrix cracking). The excitation point was placed 50 mm from the center of the delamination in the 45° direction (relative to the delamination orientation). This helped to eliminate an energy focusing effect caused by the parallel edges of the delamination. A circular scan of 30mm radius was conducted to study the scattering pattern around the defective area. The same simulation was performed for a defect free plate to obtain baseline data. 
GUIDED WAVE PROPAGATION IN COMPOSITE PANELS
In order to optimize the guided wave testing for damage detection, it is important to have a clear understanding of the guided wave propagation characteristics in the composite specimens. This section reports the characteristics of the A 0 guided wave mode excitation and propagation measured in the undamaged areas of the plates. Fig. 4 shows the polar plot of the excitation amplitude variation with angular direction around the piezoelectric transducer. The piezoelectric transducer acts in good approximation as a point source, but for an anisotropic composite plate a directionality pattern of the excited guided wave mode is expected [23] . It can be seen in Fig. 4 that the amplitudes of the guided wave mode are higher in the 0° and 90° direction (along the fiber orientation) than in other directions, with the 90° direction signal amplitude almost double the value as compared to the 45° direction. The excitation amplitude and pattern was very repeatable between the two composite panels. For the FE simulation result, a consistent level of amplitude concentration can be observed as the FE model uses homogenized material properties. The experimental results show slightly higher amplitude in the 90° direction compared to the 0° direction. The symmetric outer layers of the composite plates have the fibers arranged in the 90° direction, thus having higher bending stiffness in this direction. Overall, a repeatable amplitude variation from the experimental results for both plates can be observed which is consistent with the FE simulation. Fig. 5 shows the amplitude of the guided wave pulse propagating in the intact part of the two composite plates together with the FEA prediction. The guided wave propagation was monitored in 1 mm steps along a 200 mm line in the 0° direction. For each measurement point the maximum amplitude of the wave pulse was extracted using the Hilbert transform. The amplitude measurements on both plates give repeatable results. The experimental curves show that the decaying amplitude decrease does not directly follow the 1/√ wave spreading. The effects of material damping and anisotropy influence the wave propagation, e.g., an additional amplitude decrease due to damping is typically observed for composite materials. Similar observations were obtained from the FEA prediction. It appears however that the amplitude reduction pattern does not match exactly, which could be related to additional factors which should be investigated further.
GUIDED WAVE SCATTERING AT IMPACT DAMAGE
The propagation and scattering of the guided waves on the area containing the impact damage area was observed. Measuring the wave propagation across the area containing the impact damage, a significant change in signal shape and increase in amplitude can be observed. Fig. 6 shows the amplitude of the propagating guided wave pulse over the damaged part of the composite plate. High amplitudes can be observed around the center of the impact damage at 50 mm in both plates. This indicates the presence of the damage, and matched well with the visually observed width of the impact damage. This could be due to a delamination or fiber and matrix cracking induced by the impact. Between 30 mm and 50 mm a small periodic variation of the signal amplitude can be seen, which might be due to interference between the incident wave pulse and reflections at the impact damage. Behind the damage location (50 mm) a significant reduction of the wave pulse can be observed as compared to Fig. 5 (measurement on undamaged plate). This might allow the detection of impact damage from monitoring the amplitude of guided wave pulses between fixed sensors on a structure, as the amplitude reduction is similar for the two plate specimens with impact damage. From Fig. 6 , it can be seen that the FEA provided a good prediction of the experimental observations with high amplitudes observed around the damage area and showing a reduction in amplitude behind the damage area. In order to understand the wave propagation and scattering around the defect, a circular scan was performed on each composite plate around the impact damage location (Fig. 7a) . Another circular scan was performed in the symmetric location on the undamaged area as baseline data, shown in Fig. 7b . For the baseline measurement, one can observe a good agreement between the measurements on the two plates. The amplitude in the incident wave direction (180°) is about twice the amplitude in the 0° direction, similar to the amplitude decrease observed in Fig. 6 . The amplitudes in the 90° and 270° directions are significantly lower than what would be expected in an isotropic metallic plate due to the energy concentration along the fiber directions (shown in Fig. 4 ), leading to an oval shaped amplitude distribution. For the measurement around the damage location (Fig. 7a ) the incident wave (0° direction) has a similar amplitude distribution as the baseline data (180° direction) and no significant back-scattered energy is observed. However, the amplitude of the guided wave propagating past the impact damage is significantly reduced for both specimens. Especially for plate 2 scattering approximately 45° relative to the wave propagation direction seems to occur, but for plate 1 the scattered field is not symmetric and almost no energy is scattered between 180° and 270°. As each impact damage is unique such variations are expected, but similarities in the scattered guided wave field for both specimens can be observed. From the FE simulations, the result from the baseline measurement (Fig. 7b) shows a comparable amplitude profile with the experimental results for both plates. The amplitudes are higher along the fiber directions due to the larger stiffness. For the impact damage, the FE simulations predicted a decrease in the amplitudes behind the damage position (180°), but by a smaller amount than observed experimentally. This is in agreement with the amplitudes observed in the line scan at 80 mm (Fig. 6 ). The scattered wave from the FE simulation provides a regular pattern compared to the experimental results. This is related to the definition of the impact damage in the FE simulation as a rectangular delamination with a layer of decreased stiffness, rather than the actual complex, multimode impact damage. However, in general the FE prediction matches reasonably well with the experimental results.
CONCLUSIONS
The use of the A 0 guided ultrasonic wave mode for the detection of impact damage on composite panels has been investigated using experiments and FE simulations. From measurements on the undamaged composite plate structure, the guided wave propagation patterns were quantified. Good agreement between the experimental results and FE predictions using homogenized material properties was obtained. Scattering of the guided wave at the impact damage was observed experimentally, with increased amplitude at the impact location, and a repeatable scattering pattern with significant amplitude reduction of the guided wave propagating past the damage location. Using a regular damage implementation in the FE simulations as a square delamination with a layer of reduced stiffness, a reasonable match could be observed. The potential for the detection of impact damage in composite structures has been demonstrated, but the interaction of the guided waves with the impact damage requires further investigation. 
